With the development of the microstructure fabrication technique, microfluidic chips are widely used in biological and medical researchers. Future advances in their commercial applications depend on the mass bonding of microfluidic chip. In this study we are presenting a simple, low cost and fast way of bonding microfluidic chips at room temperature. The influence of the bonding pressure on the deformation of the microchannel and adhesive tape was analyzed by numerical simulation. By this method, the microfluidic chip can be fully sealed at low temperature and pressure without using any equipment. The dye water and gas leakage test indicated that the microfluidic chip can be bonded without leakage or block and its bonding strength can up to 0.84 MPa.
Introduction
Microfluidic chips can deal with the behavior, precise control and manipulation of fluids that are geometrically constrained to a typically sub-millimeter scale [1] . They have gained increasing attention in recent years due to their portability, minimized, high degree of integration, and little reagent consumption [2] . Microfluidic chips can be used in a number of fields, particularly in medical and biological fields.chanical strength, temperature and irradiation resistance and moisture resistance are other distinct advantages.
To fabricate a microfluidic chip, lots of methods can be utilized such as photolithograph [3] , micromachining [4] , wet etching [5] .However, by those methods, microchannels were fabricated in glass, quartz or silicon substrate. The high cost and processing complicacy during fabrication limit the application of the microfluidic chips. Future advances in microfluidic chips and their utilization in commercial applications depends on the development and mass fabrication of low cost microfluidic chips. In the past decades, hot embossing [6] , injection molding [7] , and nanoimprinting [8] were developed. They are conceptually simple methods for patterning micro/nano resolution features on a polymer substrate. Polymers are less expensive and easier to be manipulated than glass or silicon substrates. They have become the most promising materials for fabricating microchannels with mass fabricating technologies. In contrast to those state-of-the-art fabrication methods, polymer fabricating methods show considerably better results in terms of cost, productivity, and simple operation in microfabrication procedures.
However, to fabricate microfluidic chips, the open microchannels need to be sealed. A number of different bonding techniques such as APTES bonding [9, 10] , thermal bonding [11] [12] [13] , solvent bonding [14, 15] and microwave welding methods [16] have been reported in recent several years. Among these bonding methods, thermal bonding has attracted increasing interests due to its simple and low-cost characters. However, the thermal bonding method does suffer from some disadvantages due to the reflow phenomenon of the polymer sheet [17] . During thermal bonding process, when the bonding temperature and pressure are not carefully controlled, the patterned microchannels will easily deformed and the cover plate will easily flow into the microchannels, causing partial or complete microchannels closure. A fast microchannel bonding method with low pressure and temperature need to be developed.
In this study we are presenting a new way of bonding microchannels at room temperature namely tape assist bonding method. It is to be used in the high-volume production of microfluidic chips without making the whole process too time-consuming and too costly. The deformation of the microchannel during thermal bonding and tape assist bonding was studied. The relationship between the shape of the microchannel and its deformation was analyzed. The optimal bonding parameters for thermal bonding and tape assist bonding methods were determined.
Experiments
In this work, 1 mm PMMA sheets were chosen as the substrate material. They were purchased from Gayle Inc. (Burghausen, Germany). The Tg (glass transition temperature) of PMMA is 125 sheet was cut into 2 cm × 3 cm square pieces. The prepared sample PMMA substrates were sonicated for 10 min in the cleaner (DZ-1, Jinan Xihua technologies Co., Ltd, Shandong, China), rinsed in de-ionized water and dried under a nitrogen stream. The microchannels were fabricated into the cleaned PMMA substrate as show in Fig. 1(a) . Rectangular microchannels can be fabricated by hot embossing, while triangular microchannels can be fabricated by laser erosion. To seal the microchannels at low pressure and temperature, tape assist bonding method was used. As shown in Fig. 1(b) , double sides adhesive tape was pasted onto the cover plate. Before tape pasting, two holes were drilled in the cover plate and the tape. Then the substrate and cover plate were aligned under a custom-made microscope and bonded together by hand (with low bonding pressure). The PMMA microfluidic chip can be thus fabricated after bonding. Fig. 1(c) .
Results and discussion
To seal the microchannels, there are a few of bonding method can be used, such as thermal bonding, solvent bonding, and microwave welding. Among them, thermal bonding is widely used due to its simple and low cost properties. However, the bonding process is time consuming, and the microchannels suffer from highly deformation if thermal bonding parameters are not carefully optimized. In this work, a tape assist bonding method was proposed. To compare those two methods, the deformation of the microchannels after bonding was compared by numerical simulation method. It is notable that the influencing conditions for those two methods are channelshape and bonding parameters.
Thermal bonding method
Rectangular and triangular microchannels are commonly used microstructures during polymer microfluidic chip fabrication, since those channels can be easily patterned into the polymer substrate by traditional microstructure fabrication technique. For example, rectangular microchannels can be fabricated by photolithography or wet etching method. Triangular microchannels can be fabricated by laser erosion method. To fabricate a microfluidic chip, the open microchannels should be sealed. For bonding the microchannels, thermal bonding method is usually employed. In this work, the deformation of those type microchannels during thermal bonding process was investigated.
The polymer substrate is always bonded at a temperature near Tg. For PMMA material, its Tg is 125
• C. Near this temperature, polymer exhibits viscoelastic properties. The commonly used bonding temperature for PMMA is about 85
• C [18, 19] , since at this temperature the microstructures can be easily boned without highly deformation. Compared with the bonding time, bonding pressure can influence the deformation of the microchannels much more seriously. Thus we only study the influence of the bonding pressure on the deformation of the microchannels. To analyze the deformation of the microstructures during bonding process by numerical simulation, the viscoelastic model was employed. In this paper, generalized Maxwell model (a kind of viscoelastic model) was used to study the interrelationship between the bonding pressure and the deformation of the microchannels. The generalized Maxwell model can be written as [20, 21] ,
where E ∞ , E i and τ i are constants of the generalized Maxwell model. During hot embossing, the temperature dependence of the viscoelastic properties of the polymer can be expressed by using time-temperature conversion based on the Williams-Landel-Ferry (WLF) shift factors T [22] ,
where T 0 is the reference temperature and C 1 and C 2 are the parameters of material. It can be assumed that C 1 = 17.4 and C 2 = 51.6, when T 0 is the glass transition temperature of the given viscoelastic material [23, 24] . For simplification, the two-dimensional plain-strain condition is assumed. Since the microchannels have periodical structures, only one periodical microfeature was modeled to the finite element domain. The PMMA cover plate and the PMMA substrate was modeled as a viscoelastic material. A nonlinear FEM software ANSYS (ANSYS inc., Pittsburgh, Pennsylvania, USA) was employed to solve the constitutive and geometric equation simultaneously. Symmetric boundaries were applied on both sides of the cover plate and the substrate. The Yaxis displacement of the bottom surface of the substrate was zero due to the PMMA substrate supported by a fixed bonding board. The geometric model is shown in Fig. 2 .
The following parameters: open circuit voltage, short circuit current, maximum power point, fill factor (FF) and efficiency can be determined. The results obtained experimentally from the measurements under illumination are illustrated in Fig. 3 , where the fill factor dispersion for the both sample series with different fingers density is given. Of course, all samples show quite poor PV parameters when above mentioned optimization is missing. For the purpose of this paper, the light I − V measurements were carried out only to compare the behavior of the prepared samples under light. Figures 3 to 4 show the influence of the bonding pressure on the deformation of the microchannels by numerical simulation. To analyze the deformation of the microchannels, deformation rate is defined. It refers to the area of the cross-section of the microchannel before bonding to that after bonding. It indicates that the microchannel is not fully sealed when the deformation rate is larger than 100%. From Fig. 3 and Fig. 4 , One can see that the deformation rate decrease with the increase of the bonding pressure. For rectangular and triangular microchannel, the channel can be fully sealed without any leakage at bonding pressure of 0.55 MPa. At such high bonding pressure, the microchannel is highly deformed. The deformation rate drops to 93% and 90% for rectangular and triangular microchannel. To bond uneven substrate patterned with microchannel, thermal bonding method is not accessible due to the high deformation of the bonded microchannels. 
The Young modulus of the adhesive tape
In the present work, tape assist bonding method was proposed for fully bonding the microchannels without serious deformation. To measure the Young modulus of the adhesive tape, compressing equipment was used. The equipment consists of a forcing system, a heating/cooling system and a monitoring/controlling system. During compressing process, the forcing system provides necessary compression force with an accuracy of 0.5 N. The force and displacement can be dynamically controlled and recorded by the monitoring/ controlling system. Figure 5 shows the strain-stress curves of the adhesive tape. There is a nearly linear relationship between the strain and the stress. Fitted by the linear function in the Origin Pro 8 (OriginLab Corp. Northampton, USA), the Young modulus of the adhesive tape can be calculated. The average correlation of curve fitting at different mixing ratio is as high as R2=98.1%. The fitting results show that the Young modulus is 10.1 MPa for adhesive tape.
Tape assist bonding method
To fully bond the microchanels without serious microchannels deformation, a tape assist bonding method was proposed. This method can allow the microchannels bonded at room temperature without using any equipment. There are only two steps for this method. Firstly, adhesive tape is pasted onto the cover plate. Then the cover plate is bonded with the patterned substrate by hand. At room temperature, polymer displays elastic property. During numerical simulation, substrate and cover plate were considered to be elastic bodies. The geometric model is shown in Fig. 6 . Adhesive tape exhibits hyperelastic property at room temperature. It can be assumed as an elastomer. We assume that adhesive tape is incompressible and isotropic. Its mechanical properties can be represented by Mooney-Rivlin model. The Mooney-Rivlin strain energy function is expressed as [25] 
where, C 10 , C 01 are physical constants characterizing the material, and I 1 , I 2 are strain invariants. As Hocheng reported [26] , the physical constants C 10 , C 01 can be evaluated by Youngs modulus of the polymer,
where, E is the Youngs modulus of the polymer. Figure 7 and Fig. 8 show the influence of the bonding pressure on the deformation of rectangular and triangular microchannels by numerical simulation. It shows that at bonding pressure of 0.1 MPa and 0.2 MPa the microchannels cannot be fully bonded. When the bonding pressure increases to 0.3 MPa, the microchannels can be fully bonded. The deformation rates are 97% and 99% for rectangular and triangular microchannels. However, when the bonding pressure is larger than 0.3 MPa, the microchannels are deformed seriously. The deformation rates drop to 87% and 77% at bonding pressure of 0.5 MPa for rectangular and triangular microchannels. Comparing with thermal bonding method, tape assist bonding method allows low deformation of the microchannels after bonding. The bonding pressure, bonding temperature and bonding time are lower than those during thermal bonding process. Tape assist bonding method is a room temperature bonding method. It decreases the heating and cooling time which significantly increases the production efficiency. It is suitable for mass bonding of the microfluidic chip. Figure 9 shows the dyed water test image for bonded microchannels by tape assist bonding method. The dyed water test indicates that the microchannels can be fully bonded without large deformation. Compared with thermal bonding method, the substrate with high roughness can be easily bonded without large microchannels deformation by tape assist bonding method. This method can also allow fast bonding of microchannels which is suitable for mass bonding of microfluidic chips.
Leakage at pressure is one of the most significant problems in microfluidic systems. Therefore, the bonding strength of the chip should be measured. The fabricated microchannel was tested for gas leakage with gas in the Fig. 10 setup. The microchannel (≈ 300 µm wide and ≈ 120 µm deep) showed no N 2 gas leakage up to 0.84 MPa. These results demonstrate that the proposed bonding technique is well suited to the bonding of PMMA microfluidic chips. At the pressure lower than 0.84 MPa, the bonded microchannels can stays intact.
Conclusion
To bond the microchannels at low pressure and temperature, tape assist bonding method was proposed. By this method, the microfluidic chip can be sealed at room temperature without using any equipment. The deformation of the microchannels during tape assist bonding process was analyzed by numerical simulation. The influence of the bonding pressure on the deformation behavior of the microchannel and adhesive tape was studied. The results show that the microchannels can be fully bonded at low bonding pressure. Dyed water test demonstrates there is no blocking or leakage over the entire microchannel. The gas leakage test indicated that the bonded strength of the microfluidic chip can reach to 0.84 MPa.
Both CPEs shows exponent n lower than 1 while pure capacitance show exponent n = 1 . Decreasing n reveals more disordered structure and dispersion of transport processes. The dynamic origin related to multiple trapping systems can be the reason of such behavior. Both, CPE capacitance P and its exponent n depends on the applied DC bias. See in Fig. 7-9 . Near capacitive behavior (n is closed to 1 and voltage independent), as it is clearly recognized in Fig. 9 , was observed for second CPE element in AC equivalent circuit for both samples. The capacity of the structure in forward direction is closely related to the minority charge carriers and thus recombination rate. Second CPE capacitance consistently increases with increasing bias voltages for both samples as one can recognize in Fig. 8 . CPE capacitance P1 decreases for both BB1 and BB2 samples (Fig. 7) while CPE capacitance P2 increases when DC bias is increased (Fig. 6) . The injection of minority carriers results in diffusion (dynamic) CPE capacitance increase at higher forward bias as typical for this type of structure [23] . Similarly, as in the case of capacitances, the two types of resistances are taken into account in the AC equivalent circuit. In terms of obtained resistance, Fig. 6 shows behavior of both samples. The voltage dependence of resistance indicates two areas dependent on voltage. Two types of resistances are related to shunt and dynamic resistance. The resistance R2 is ascribed to space charge region of the junction and of course it is dependent on the applied bias. Its value under forward direction is much lower than that one under reverse bias. The higher its value, the better the diode interface [24] . At higher forward voltages the transport process is governed by series resistance.
